The Kras gene is mutated to an oncogenic form in most pancreatic tumors. However, early attempts to use this molecule as a specific biomarker of the disease, or inhibit its activity as a cancer therapy, failed. This left a situation in which everyone was aware of the association between this important oncogene and pancreatic cancer, but no one knew what to do about it. Recent findings have changed this picture-many assumptions made about KRAS and its role in pancreatic cancer were found to be incorrect. Several factors have contributed to increased understanding of the activities of KRAS, including creation of genetically engineered mouse models, which have allowed for detailed analyses of pancreatic carcinogenesis in an intact animal with a competent immune system. Cancer genome sequencing projects have increased our understanding of the heterogeneity of individual tumors. We also have a better understanding of which oncogenes are important for tumor maintenance and are therefore called "drivers." We review the advances and limitations of our knowledge about the role of Kras in development of pancreatic cancers and the important areas for future research.
Kras G12D in the mouse pancreas duplicated, at least approximately, these precursor stages. These genetically engineered mouse models allow for the study of the earliest phases of pancreatic cancer development, as their gene expression can be manipulated. However, mouse models have inherent limitations, beyond the biologic differences between mice and humans. One limitation is that they express oncogenic KRAS in all the cells of the pancreas, unlike human pancreatic tumors. Another is the concurrent, rather than sequential, introduction of the genetic alterations associated with each stage of spontaneous tumor development. Therefore, the use of genetic mouse models needs to be balanced by other approaches, such as using human pancreatic cancer cell lines, primary human cells, and human xenograft tumors. Judicious use of all of these models provides the best picture of the initiation and progression of pancreatic cancer, and has allowed us to appreciate the roles of KRAS in these processes.
Individual vs Population of KRAS Molecules
Individual KRAS proteins function as binary molecular switches. When bound to guanosine triphosphate (GTP), they interact with signaling molecules that regulate cell activities such as proliferation, differentiation, apoptosis, and cell migration ( Figure 1 ). 3 Binding of GTP to KRAS is extremely low in the absence of interactions with guanine nucleotide exchange factors, which increase the rate of GTP loading. Many receptors for growth factors, cytokines, hormones, neurotransmitters, and other regulators are able to activate RAS, either by directly or indirectly increasing access of guanine nucleotide exchange factors.
Once a cell has responded to an incoming signal, KRAS activity is no longer needed, so GTP is hydrolyzed to guanosine diphosphate. KRAS itself has some limited GTP hydrolysis activity, which is increased by interactions with specific GTPase-activating proteins. Although individual KRAS molecules act as binary switches, the population of KRAS molecules in a cell acts more like a rheostat than a switch. Greater numbers of KRAS molecules bound to GTP lead to a greater overall signal. In other words, at the level of the cell, KRAS is neither "on" nor "off"-the number of active molecules determines the levels of the resulting signal.
Specific point mutations in KRAS (primarily those that affect KRAS-GTPase-activating protein interactions) reduce GTP hydrolysis and thereby cause KRAS to remain active. 4 They are considered to be oncogenic because when they were first investigated, they were observed to transform cells in the absence of other manipulations, and cells that expressed these mutant forms of KRAS formed tumors in vivo. It has been estimated that approximately 30% of all tumors have oncogenic mutations in RAS family members, HRAS, NRAS, and KRAS 5 ; oncogenic Kras is found in nearly every pancreatic tumor. 6, 7 Many studies have indicated that Kras activity increases after transfection with oncogenic forms of Kras, indicating that they are constitutively active. [8] [9] [10] However, KRAS activation is a complex phenomenon; GTP binding is not sufficient to define active KRAS. Other factors, including subcellular localization, can influence its association with downstream effectors. 11, 12 Therefore, KRAS-GTP might not always stimulate effector signaling. 13, 14 This observation has important implications for cancer treatment and prevention.
An additional layer of complexity was added with the observation that Kras alone might not be sufficient to transform a cell. When oncogenic Kras was evaluated as a biomarker, numerous studies reported that healthy people have cells with oncogenic Kras in different organs, including the pancreas, [15] [16] [17] colon, 16 and lungs, 18 at rates far exceeding the rates of cancer development. More recently, mice that express oncogenic Kras, either in the whole body or in specific organs, develop cancers from only a small fraction of the cells that contain the oncogenic Kras, 19, 20 It can therefore be assumed that other, genetic or epigenetic, factors are required to initiate carcinogenesis, even when a mutation in the Kras oncogene has been acquired. One key factor might be the level of KRAS activity. In fact, in genetically engineered mice that express oncogenic KRAS at physiologic levels (because a single allele is mutated, the cells presumably express equal amounts of oncogenic and nononcogenic KRAS), only a small fraction of the cells are transformed. In addition, the overall level of KRAS activity is lower than expected, whether it is because not all of the oncogenic KRAS molecules bind GTP or because, even when GTP bound, they do not always activate effectors (possibly because of inappropriate subcellular localization or negative-feedback mechanisms). 11 Accordingly, expression of oncogenic Kras from its endogenous locus in mice is insufficient to activate downstream signaling pathways, such as the mitogen-activated protein kinase (MAPK) pathway. 13 Supporting the hypothesis that a specific level of KRAS activation is required to initiate transformation, upstream stimuli were shown to accelerate the development of cancer in mice (Figure 2) . 13, [21] [22] [23] [24] These studies indicate that reaching a threshold level of KRAS activity might be essential to initiate the carcinogenesis process, and that the presence of a mutant copy of Kras is not sufficient to reach this threshold. Therefore, signals that act upstream of Kras, such as epidermal growth factor and inflammatory stimuli, might play an important role during the carcinogenesis process. In this light, it is noteworthy that many reagents shown to accelerate formation of pancreatic ductal adenocarcinomas (PDACs) in mice that express oncogenic Kras, also directly or indirectly activate KRAS. Likewise, many reagents shown to prevent or increase the time to development of PDAC in mouse models reduce RAS activity, directly or indirectly ( Figure 3) . A second aspect to be considered is the ability of the cells to withstand high levels of Kras activation. It is conceivable that the oncogenic stress associated with expression of oncogenic Kras might result in apoptosis or senescence, 25, 26 and factors that allow cells to overcome the senescence barrier, such as inflammation 25 or loss of tumor suppressor genes, such as p16 or p53, 27 allow the transformation process. Some controversy still persists, however, as other studies have indicated that oncogenic KRAS is sufficient to inhibit the onset of senescence and repress the expression of p16. 28 However, neither the presence of inflammation nor the loss of tumor suppressor genes is sufficient, per se, to initiate pancreatic cancer in the absence of oncogenic Kras. [29] [30] [31] These observations support a model in which Kras plays a unique role in the onset of PDAC.
Human and mouse PDAC cells have elevated KRAS activity and correspondingly high activation of KRAS effector genes. In mice that express endogenous levels of oncogenic Kras, tumor cells contain significantly higher levels of KRAS-GTP than nontumor tissues. 7 In mice engineered to express elevated levels of oncogenic KRAS, approaching the elevated levels found in tumors, widespread formation of precursor lesions and rapid progression to invasive tumors are observed, in the absence of any other manipulations. 13 Taken together, these results support the concept that a relatively high level of oncogenic Kras activity is necessary for cellular transformation. 6 Therefore, the mechanisms that increase the levels of oncogenic Kras in cells contribute to transformation and cancer development.
What Is the Role of Oncogenic KRAS in Pancreatic Tumor Formation?
People acquire oncogenic mutations in Kras in lung, pancreas, colon, and other tissues as they age. [15] [16] [17] [18] This is a major reason that Kras was not found to be a good biomarker for cancer. So why do only a few people develop PDAC or other cancers? A major new insight has been that oncogenic KRAS is not always in the active state. 14 In other words, the presence of oncogenic KRAS is not sufficient to transform cells and additional genetic or environmental factors that raise the threshold of KRAS activity and remove barriers to tumorigenesis might be required.
Oncogenic and nononcogenic forms of Kras can be activated by many factors. However, oncogenic KRAS has slower kinetics of return to its guanosine diphosphate-bound status than nononcogenic forms. 9 The slower kinetics provide extra time for activated KRAS to generate a feedback loop that sustains its activity, such as activation of nuclear factor-κB, cyclo-oxygenase-2, and others. These finding apply to cancer prevention strategies, which have focused on inhibiting KRAS effectors, under the model that oncogenic KRAS is always active. However, the understanding that oncogenic KRAS needs to be activated to cause cancer means that inhibition of KRAS activation itself is a reasonable preventative strategy. This model is supported by reports that drugs that reduce cancer risk, such as nonsteroidal anti-inflammatory agents (eg, aspirin, celecoxib, etc) and various antioxidants, inhibit activation of KRAS (Figure 2 ). This concept also indicates that attempting to block cancer initiation downstream of KRAS will be a challenge because many effectors are activated by KRAS (Figure 1 ).
Kras as a Component of a Complex System
Kras is clearly important component in the pathogenesis of pancreatic cancer. Oncogenic mutations in Kras are also frequently detected in lung, colon, and other tumor types. Increased Kras activity is required for development of hepatocellular carcinoma, via alterations in GTPase-activating proteins, instead of oncogenic mutations. Increased levels of activity of KRAS effectors, or decreased levels or activity of KRAS inhibitors (or their regulatory molecules) could also lead to hepatic tumorigenesis. KRAS is a regulator of the MAPK pathway. In fully developed PDAC, several molecules within the MAPK pathway are over-or underexpressed that are normally regulated by active KRAS (C. Logsdon, unpublished observation). Likewise, expression of cyclins and other cell cycle regulators increases in cancer cells. These alterations are likely selected forhigher levels of KRAS activity increase cell proliferation. Notwithstanding the complexity of changes that promote the activity of KRAS and its effectors in pancreatic cancer, several studies in mouse models or human cell lines suggest that at least a subset of pancreatic tumors continuously require KRAS for growth. This aspect will be discussed here in more detail.
Oncogenic Kras in Pancreatic Cancer Progression and Maintenance
There is much evidence that Kras is required for pancreatic tumorigenesis, but until recently it was assumed that nothing could be done to prevent the oncogenic effects of Kras activation, and that the only option was to slow tumor growth and progression. Researchers assumed that Kras must be important at all stages of PDAC. However, like the assumption that oncogenic Kras must be always on, this might not actually be the case. To study the role of Kras in growth and progression of PDAC, in the absence of good inhibitors, studies have relied on small hairpin RNA-mediated knockdown in cell lines, inhibitors of downstream targets of Kras, or more recently, on mouse models that allow reversible expression of oncogenic Kras.
During Early Stages of Pancreatic Cancer
Pancreatic adenocarcinoma cells have highly unstable genomes; each individual tumor is estimated to accumulate several hundred mutations. 7 The progression from a normal pancreatic cell into a metastatic cancer cell requires multiple steps, each of which requires changes in gene expression. Clearly, PDAC is not the same from formation until metastasis. Early human PanIN lesions have Kras mutations, often in absence of additional genetic alterations. 32, 33 However, progression requires inactivation of tumor suppressors, such as p16. 25, 28 In humans, sporadic mutations in Kras might occur, and in most cases be cleared from the tissue by cell senescence. However, cells that escape senescence through acquisition of additional mutations might become transformed. In the pancreas of mice, these mutations can be introduced at the same time in a large number of cells.
The widely used KC (Pdx1-Cre;LSL-Kras G12D or Ptf1a-Cre; LSL-Kras G12D ), KPC (most commonly Pdx1-Cre;LSL-Kras G12D ;LSL-Trp53 R172H or Ptf1a-Cre; LSL-Kras G12D ;LSLTrp53 R172H , but also used to describe models with loss-of function or conditional inactivation of the tumor suppressor p53) and KC;Ink4a (Pdx1-Cre;LSL-Kras G12D ; Ink4a f/f or Ptf1a-Cre;LSL-Kras G12D ;Ink4a f/f ) mouse models of pancreatic cancer were developed via tissue-specific, Cre-mediated expression of oncogenic Kras. 29, 30, 34 These models recapitulate the initiation and progression of pancreatic cancer. However, because Kras expression, once induced, is irreversible, these models are not suitable for investigating whether Kras is required beyond tumorigenesis-for growth and progression. Some tumors that develop in mice have been reported to be dependent on (or addicted to) a single oncogene product; tumors that develop in mouse models of lung adenocarcinoma, breast cancer, and melanoma depend on oncogenic Kras to maintain their mass and continue growing. [35] [36] [37] Researchers have recently created mice in which pancreatic expression of oncogenic Kras can be reversed, called inducible Kras* or iKras mice. 38, 39 These mice express oncogenic Kras under the control of a tetracycline operator; the rtTa transcription factor is expressed in a pancreas-specific manner from the Rosa26 locus. Administration of doxycycline to iKras* mice leads to expression of oncogenic Kras and withdrawal of the drug inactivates expression of the transgene. Unlike KC mice, iKras mice do not express Kras G12D from the endogenous Kras locus. The expression levels of oncogenic Kras, however, are comparable with endogenous levels, and activation of Kras in adult animals leads to formation of sporadic PanINs only with long latency and low penetrance, possibly because a threshold of KRAS activity needs to be reached before the oncogene has an effect on the tissue.
Induction of acute pancreatitis with the cholecystokinin agonist caerulein leads to rapid and widespread formation of PanINs, likely through initiation of the Kras effector loop described here. Induction of acute pancreatitis in wild-type mice leads to acinar damage, including acinar to ductal metaplasia, infiltration of immune cells, and edema; the peak level of damage occurs within 24 h of caerulein administration. Tissue repair ensues rapidly, and the pancreas resumes its normal histology within 1 week, although slightly higher proliferation of acinar cells, compared with healthy pancreata, is observed for a few weeks. In contrast, KC and iKras* pancreata fail to undergo tissue repair after caerulein administration. 38, 40 In these mice, acinar to ductal metaplasia progresses to form dysplastic ductal structures, surrounded by extensive fibrosis, within 1 week. Within 3 weeks, virtually all the ductal structures show characteristics of PanINs. Over time, higher-grade PanIN lesions populate the pancreas and, finally, carcinoma in situ develops.
To understand the role of Kras signaling in these changes, the effects of inactivating oncogenic Kras expression at different time points were examined. The effects of Kras inactivation were found to be time dependent (Figure 4 ). Inactivation in low-grade PanIN lesions results in most cells that line the dysplastic ducts to activate expression of genes of the acinar lineage, and inactivate ductal genes, in a process that is the opposite of acinar to ductal metaplasia. At the early stages of lesion formation, KRAS activity is therefore necessary for the transformation process to continue; it seems to prevent tissue repair and regulate the differentiation status of the epithelial cells, as proposed previously. 40 Kras inactivation in high-grade PanIN lesions has different effects. The precancerous cells that appear require Kras for survival, and undergo apoptosis once the transgene is inactivated. These results indicate that Kras is important not only for tumor formation, but also during early stages of tumor progression.
A common feature of KC and iKras mice is that their lesions rarely progress to adenocarcinoma unless additional mutations are introduced. This is consistent with the observation that, in patients, pancreatic adenocarcinoma does not occur without the accumulation of multiple genetic alterations, probably over the course of decades. 41 Loss, inactivation, or mutation of multiple tumor suppressors (such as Tp53 and p16) is commonly detected in human pancreatic tumors. In mice, these tumor suppressors are spontaneously lost at different rates, depending on the level of inflammation and/or Kras activity. For example, in KC mice, which express endogenous levels of oncogenic Kras, the tumor suppressor Tp53 tends to be mutated or lost at late stages of tumor development. 34 In contrast, in mice engineered to express high levels of oncogenic Kras in the pancreatic cells, such as the Elastase-CreER;cLGL-Kras G12D (LGL) model, p16 is rapidly lost. 42 Possibly, in presence of high levels of oncogenic Kras there is a higher selective pressure for pancreatic cells to lose p16 and therefore escape Kras-induced senescence. 26 The high frequency of p16 loss might explain why LGL mice develop PDAC at a faster rate than LSL mice.
To speed cancer development in models with low Kras activity, mutant alleles of tumor suppressors can be introduced, which would resemble development of pancreatic cancer in humans. iKras mice carrying a loss-of-function allele in p53 (called iKras*p53 mice) rapidly develop pancreatic adenocarcinoma with high penetrance, 38, 39 and can be used to determine the effects of Kras inactivation in invasive tumors. Studies with these mice have shown that inactivation of Kras leads to rapid tumor regression through loss of tumor cell proliferation and viability. 38, 39 These observations have been extended to the metastases that develop with high frequency in iKras* mice, engineered to express a point mutation in p53 (p53 R172H mice). 43 In vivo imaging studies showed rapid regression of the primary tumor and liver metastases on Kras inactivation. Although these tumors appear to regress steadily over time, accurate in-depth characterization of the tissue after regression, as well as observations based on primary tumor cells, indicated that not all the tumor cells were eliminated on Kras inactivation. In fact, a fraction of the tumor cells appeared to persist in a dormant state and resume rapid growth on K-ras reactivation. 43 It is possible that Kras inhibition is eventually be over-ridden by generation of resistant clones, which have accumulated additional mutations in the same pathways or have activated other oncogenic pathways. Lung adenocarcinoma and melanoma cells have also been shown to require oncogenic Kras. 36, 37 
In the Tumor Microenvironment
Mice that have been genetically engineered to express oncogenic Kras have also been used to study the role of Kras on the pancreatic tumor microenvironment, which contains extensive inflammatory stroma. During the earliest stages of PanIN formation, the lesions accumulate proliferating cells of mesenchymal origin that might comprise fibroblasts and pancreatic stellate cells. PanIN formation and progression is also accompanied by the infiltration of immune cells. 44 It is interesting to note that changes in the phenotype of the stellate cells occur earlier than noticeable changes in other components of the pancreas. 45 Therefore, even low levels of Kras activity generate signals that influence the microenvironment.
Unlike most other solid tumors, pancreatic tumors are considered to be hypovascularized, although blood vessels are present within the tumor microenvironment. It is unclear whether the vascularity per cancer cell is lower than in other tumors or whether the abundant nonvascular extracellular matrix contributes to the low level of overall vascularity. Stellate cells produce angiogenic factors. 46, 47 In addition to the cellular components, the stroma comprises components of the extracellular matrix, such a collagen fibers and hyaluronic acid. 48, 49 Little is known about how the formation of the stroma is regulated and maintained.
Perhaps the most convincing evidence for the effect of Kras on the tumor microenvironment is found when Kras is inactivated in pancreata bearing low-grade PanINs. Under these conditions the stroma is remodeled. The activated fibroblasts that populate the stroma stop expressing markers of activation, exit the cell cycle, and are eliminated from the pancreas via an unknown mechanism. Inactivation of Kras also leads to resolution of the chronic inflammation associated with pancreatic cancer.
Kras therefore regulates production of factors that maintain an active stroma ( Figure 5 ). These factors and their activities have not been completely identified, but appear to include sonic hedgehog, interleukin-6, and prostaglandin E, 50 each of which is expressed in a Krasdependent manner. 38 Sonic Hedgehog, one of the ligands of the Hedgehog signaling pathway, is expressed by pancreatic tumor cells 51, 52 and functions in a paracrine manner, 53 activating Hedgehog signaling in the stroma and potentially mediating its maintenance. 54 The inflammatory cytokine IL-6 is overexpressed in pancreatic tumors and is important for development of PanINs in mice. 55 Prostaglandin E acts directly on stellate cells through the prostaglandin E receptor 4, to stimulate production of the stroma. 50 These, and likely several other factors, are generated by high levels of sustained Kras activity.
The immune cells that infiltrate the pancreas also appear to be regulated by Kras. In mouse models of pancreatic cancer, PanINs are infiltrated by immune cells, including those that suppress the immune response, such a regulatory T cells, myeloid-derived suppressor cells, 44 and mast cells. 56 Tumor cells secrete cytokines, such as granulocyte-macrophage colony-stimulating factor, 57,58 which promote infiltration of myeloid-derived suppressor cells that inhibit anti-tumor immune responses. Kras inactivation leads to an overall reduction in the number of infiltrating immune cells. So, the inflammatory environment of pancreatic tumors also appears to be regulated by Kras, in a paracrine manner, forming part of a Kras-inflammation positive-feedback loop that requires additional study.
Tumor Metabolism
Pancreatic tumors create a hypoxic microenvironment; they are not well vascularized and contain large amounts of desmoplasia, which contribute to the low levels of oxygen. 59 Cancer cells are able to adapt to the hypoxic conditions by several mechanisms, such as by up-regulating hypoxia inhibitory factor-α, 60 which allows them to change their metabolic pathways. The changes in cancer cell metabolism, which have been proposed to be "hallmarks of cancer," 61 include increased glucose metabolism via the glycolytic pathway and reduced reliance on the Krebs cycle. 62 The specific metabolic changes that occur in cancer cells and their regulatory mechanisms are complex and beyond the scope of this article (for a comprehensive review, see reference 63 ), but might be targeted therapeutically.
K-ras was recently shown to regulate metabolic changes in cancer cells by controlling factors that regulate transcription of metabolic genes. 39 Reagents might therefore be designed to target Kras, or its effectors, that alter pancreatic cancer metabolism, and impair the ability of the cancer cells to maintain high levels of glycolysis. 64 
Kras Dependency
Although Kras is known to be involved in cell transformation, pancreatic tumor formation, and early stages of tumor progression in mice, little is known about its requirement for progression of human pancreatic tumors. Mouse models were engineered to depend on Kras for quick development of tumors. Human tumors take decades to progress. Because small molecule inhibitors of Kras were not available at the time, studies to determine whether pancreatic tumor progression requires (is addicted to) KRAS activity have used RNA interference-based approaches. These studies have been conducted using pancreatic cancer cell lines (mostly derived from patients) that have been carried for years, in different laboratories. Of 7 lines analyzed, 4 were found to be Kras dependent, in that they did not undergo apoptosis when Kras levels were reduced. 65 One factor associated with Kras dependency of human pancreatic cancer cells was overexpression of KRAS protein (which usually correlated with amplification of its genomic locus). The Kras gene is amplified in human and mouse pancreatic tumors. 13 Another factor was increased expression of epithelial genes and functions of their products. Krasindependent lines expressed more genes that encoded mesenchymal factors, and fewer that encoded epithelial factors, than Kras-dependent cells. Expression of small hairpin RNAs against Kras slowed growth of established pancreatic xenograft tumors in mice. 66 Human PDACs have been subdivided based on gene expression patterns into quasimesenchymal, classic, and exocrine-like (the least characterized) subtypes. 67 As the nomenclature indicates, the mesenchymal subtype has mesenchymal rather than epithelial characteristics. Interestingly, in vitro studies using cell lines with the characteristics of classic and quasi-mesenchymal subtypes showed that classic PDACs depend on Kras, whereas those of the mesenchymal subtype are not. More importantly, these differences were maintained in tumor xenografts. It therefore appears that at least a subset of human pancreatic tumors depends on Kras for progression. Additional studies are necessary to elucidate the extent of Kras dependency of human pancreatic tumors. Kras dependency has not been investigated using primary human tumor xenografts, or in orthotopic tumors implanted into the pancreas.
Effectors of Kras
KRAS inhibitors might be in the pipeline, 68 in fact, inhibitors of nononcogenic RAS proteins were described recently 69, 70 ; however, they have not been historically available and the current drug candidates are still probably years away from the clinic. Farnesyl transferase inhibitors, designed to prevent membrane association and thereby activation of K-ras, were found to be nonspecific and affect the activities of many other proteins. The oral farnesyl transferase inhibitor R115777 did not increase the median survival time of patients with locally advanced or metastatic pancreatic adenocarcinoma. 71 It is likely that nonfarnesylated Kras can still undergo prenylation, via geranylgeranylation, to associate with the cell membrane.
An alternative approach is target effectors of Kras that are involved in tumor development. Members of several different Kras signaling pathways participate in formation and growth of pancreatic tumors in mice, such as the kinase Akt. Expression of a dominant-active form of Akt (caAkt) in the pancreas of mice caused expansion of ductal structures and activation of progenitor gene expression, but did not lead to progression of PanINs or PDAC. 72 Expression of BRAF V600E (the oncogenic form of BRAF) in the pancreas of mice, but not PI3CA H1047R (the dominant-active form of phosphatidylinositol 3 kinase) led to formation of PanIN lesions. In addition, expression of BRAF V600E , but not PI3CA H1047R , in combination with a cancer-associated mutant form of p53 (TP53 R270H ), led to development of lethal PDACs in mice. 67 However, a recent study has challenged these conclusions by showing that the PI3K pathway is sufficient and necessary to initiate pancreatic carcinogenesis; thus, the relative contribution of different Kras effectors needs further study. 73 Therefore, activation of MAPK signaling, but not phosphatidylinositol 3 kinase signaling via Akt, recapitulates the effects of Kras activation in mice.
So which of these effector pathways is required for maintenance of established tumors? Inhibition of the MAPK signaling with the inhibitor PD325901 had a cytostatic effect on KPC tumors, orthotopically implanted in immune-competent, syngeneic mice. Mice given PD325901 survived longer than controls, but died soon after cessation of the drug. This finding contrasts, at least in part, with the observation that Kras inactivation in tumors affects cell survival in iKras* mice. 38, 39 RAF inhibitors had no effect on pancreatic cancer cell lines, and interfered with the cytostatic effects of MAP kinase kinase (MEK) inhibitors when the compounds were applied to cells in combination. However, combined inhibition of MEK and AKT had a synergistic, antiproliferative effect on a large panel of human pancreatic cancer cell lines. Similar results were obtained with the MEK and AKT inhibitors GDC0941 and AZD6244, respectively. 66 In mice, the combination of these inhibitors caused regression of xenograft tumors, whereas administration of each reagent alone only slowed tumor growth. The logical next step appears to be to determine the efficacy of this treatment regimen in mice that spontaneously develop pancreatic tumors or mice with orthotopic tumors. Studies are also needed to determine the effects of these inhibitors on survival, and of discontinuing their administration.
Another, somewhat less-studied effector of pathway is the Ral guanine nucleotide exchange factor-Ral small GTPase signaling network (for review, see references 74 and75 ), which is frequently activated in pancreatic tumors and involved in their progression. 76 Inhibitors of cyclin-dependent kinase-5 have been shown to suppress KRAS-Ral signaling and block pancreatic tumor formation and progression in mice. 77 The Kras-related C3 botulinum substrate 1 (Rac1) is an effector of Kras signaling from the epidermal growth factor receptor. Rac1 regulates the rearrangement of the actin cytoskeleton and cell motility (for review, see reference 78 ). Recently, Rac1 was shown to be dispensable during development of the normal pancreas, but required for formation of pancreatic tumors in mice. 79 These factors might be developed as therapeutic targets.
In development of therapeutics for pancreatic cancer, the ability of Kras to induce inflammation in surrounding tissues should also be considered. Nuclear factor-κB and signal transducer and activator of transcription 3 signaling are regulated by Kras, and can be targeted with specific inhibitors. 13, 80 A different way to approach Kras inhibition would be to block factors that promote KRAS activity, such as inflammatory factors or epidermal growth factor receptor signaling. However, these types of reagents might be better for blocking tumor formation than progression.
Targeting of downstream effectors of KRAS has been tested in other tumor types, such as colon and lung cancer 81, 82 ; whether the importance for specific effector pathways is different in different tumor types, or whether findings from other malignancies can be translated to pancreatic cancer will have to be addressed in the future.
A Therapeutic Target?
Experimental inhibition of Kras activity slows growth or even causes regression of pancreatic tumors in mice. Even some human pancreatic cancer cells require KRAS activity to form tumors. Therefore, strategies to inhibit KRAS directly, or inhibit its effectors, are under active investigation. But will inhibiting oncogenic KRAS be sufficient to cure patients with pancreatic cancer? In mice, inactivation of Kras leads to tumor regression, and the animals remain healthy, with no evidence of relapse, for a relatively long time. 38, 39, 43 The mechanism of tumor regression involves apoptosis induction, and likely other components that have not been fully elucidated. However, individual tumor cells survive inactivation of Kras, presumably by maintaining a dormant state. Recent unpublished observations indicate that this dormancy can be maintained for several months (M. Collins and Marina Pasca di Magliano, unpublished results). When Kras is reactivated in cancer cells in mice, the cells begin to proliferate rapidly and the mice die within a few days. 43 Whether these cells could also resume proliferation in absence of reactivation of Kras through a different mechanism is not known. Therefore, the risk of cancer relapse after withdrawal of KRAS inhibitors is likely to be high. Full tumor eradication will require identification of the mechanisms that allow a subset of tumor cells to survive Kras inactivation, and development of methods to target them.
Only a subset of human tumors remains Kras-independent over time, based on studies of human cell lines. It is important to determine whether mouse models of pancreatic cancer resemble a specific subset of human tumors. We also need to develop criteria to determine which human cell lines depend on Kras, so that individual patients can be treated appropriately.
Future Directions
The current experimental evidence indicates that a high level of sustained KRAS activity is required for pancreatic tumorigenesis. Whether the expression of an oncogenic form of Kras is sufficient to obtain these high levels of activation in tumor cells, or whether mutant RAS requires further activation by upstream signals to achieve its fully active GTP-bound state to drive cancer growth remains an unresolved issue. The observation that, at least initially, KRAS activity can be modulated by upstream signals provides a rationale to investigate new approaches to pancreatic cancer prevention. Those could conceivably include reducing factors that activate KRAS, by preventing inflammation or altering diet and lifestyle. A second focus of research might be the interaction between tumor cells and their surrounding stroma. Recent studies in mouse models indicate that KRAS activity leads to inflammation and changes in the stroma. That is not to say that inflammation and the stroma are not part of what sustains tumorigenesis; in fact, there is likely to be a positive-feedback loop that involves KRAS and the stroma and sustains tumor growth. Experiments with Kras inactivation indicate that Kras activity is not only required for pancreatic tumor formation and development but, at least in mice, the requirement for Kras is continuous. KRAS might therefore be a good therapeutic target after all. Basic KRAS biology and the positive feedback loop between KRAS and inflammation. KRAS binds either GTP or guanosine diphosphate (GDP). When occupied by GDP, KRAS does not activate downstream signaling pathways and is considered "off." KRAS is activated by extracellular signals coming from the environment in the form of growth factors, cytokines, damage molecules (DAMPs), hormones, or other molecules. These molecules indirectly interact with guanine nucleotide exchange factors (GEFs) to replace GDP for GTP and causing KRAS to be "on." Active KRAS will then interact with a large number of downstream signaling pathways. Some of these pathways in turn lead to generation of signals that activate KRAS through a positive feedback loop. Examples are inflammatory mediators that are activated by KRAS and in turn lead to further activation of KRAS. Normal KRAS is rapidly inactivated thanks to the effect of the GTPase-activating proteins (GAPs) that help hydrolyze GDP to GTP. In the presence of an oncogenic form of KRAS the return of KRAS to an "off" state is delayed, and a pathological response ensues that can lead to cancer. Multiple changes in gene expression influence KRAS activity, the KRAS downstream pathway and cell growth occur during development of a "mature" PDAC cell. RAS activity is still affected by upstream factors, but this component might be less important in the presence of a mutant form of KRAS. The downstream effectors of KRAS are highly activated and might eventually become independent of KRAS. Finally, expression of several regulators of cell cycle are altered in cancer cells; the cyclins listed in the figure are all expressed at levels exceeding those of normal pancreatic cells. Molecules that increase KRAS activity tend to promote PDAC development, while and those that inhibit KRAS activity tend to prevent PDAC. This would be predicted by the KRAS-inflammatory feedback loop model. Kras mediates interactions between the tumor cells and the surrounding stroma. Tumor cells expressing oncogenic Kras secrete molecules that act in a paracrine manner on surrounding components of the stroma, such as fibroblasts, innate and adaptive immune cells (black arrows). These cells in turn promote tumor growth (dashed arrows); only a small subset of the signals mediating the interaction between cancer cells and components of the stroma have been identified.
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